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ABSTRACT 
Gold nanostars (NStars) are highly attractive for biological applications due to their surface 
chemistry, facile synthesis and optical properties. Here, we synthesize NStars in HEPES buffer at 
different HEPES/Au ratios, producing NStars of different sizes and shapes, and therefore varying 
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optical properties. We measure the extinction coefficient of the synthesized NStars at their 
maximum surface plasmon resonances (SPR), which range from 5.7 x 10
8
 to 26.8 x 10
8
 M
-1
cm
-1
. 
Measured values correlate with those obtained from theoretical models of the NStars using the 
discrete dipole approximation (DDA), which we use to simulate the extinction spectra of the 
nanostars. Finally, because NStars are typically used in biological applications, we conjugate 
DNA and antibodies to the NStars and calculate the footprint of the bound biomolecules. 
KEYWORDS 
Gold nanostar, molar extinction coefficient, HEPES, multibranched gold nanoparticle, 
nanoflower, optical properties, DDSCAT, DDA, discrete dipole approximation. 
INTRODUCTION 
Gold nanoparticles (Au NPs) are attractive for interacting with biological systems due to their 
small dimensions, surface chemistry and optical properties. They can be synthesized in a variety 
of sizes and shapes, resulting in different chemical and physical properties. Au nanostars 
(NStars), highly branched gold nanocrystals
1
 or nanoflowers
2
, are of particular interest because 
minor shape modifications enable manipulation of their optical properties. They possess a 
surface plasmon resonance (SPR) peak that is tunable throughout the visible and near IR 
spectrum, resulting in different extinction profiles and therefore distinct colors 
3-5
. Due to their 
sharp tips, NStars have a narrow SPR, facilitating selective excitation with a laser and enabling 
optical absorption tunability.
1, 6, 7
 Furthermore, their synthesis is facile and can be done in an 
aqueous nontoxic buffer
1
, making NStars amenable for biological applications in targeted 
photothermal therapy and theranostics
4, 8, 9
, imaging
10
, sensors
11
, and Surface Enhanced Raman 
Spectroscopy (SERS)
2, 6, 9, 12
. Because of the increasing interest in the optical and physical 
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properties of NStars, a variety of synthesis approaches have been developed using different 
surfactants and reducing agents
6, 7, 13, 14
, which can yield to the formation of NStars of different 
symmetries. Nevertheless, many applications of nanostars are complicated by the lack of a 
simple manner to quantify their concentration. Au NStars absorb strongly in the visible 
spectrum. Their molar extinction coefficient, ε, is a fundamental parameter that allows for 
quantifying their concentration, and is thus critical for characterizing their behavior in 
therapeutic and sensing applications. ε is also essential for bioconjugation, as it allows for 
quantification of the biomolecule surface density and footprint on the NStars. Most importantly, 
understanding the relationship between ε and the NStar size/shape opens new avenues for the 
design of NStars with desired optical properties for particular applications, such as SERS
15
, two 
photon luminescence
5
, surface enhanced fluorescence, or localized surface plasmon resonance 
spectroscopy
11
.  
For spherical Au NPs and Au nanorods (NRs), ε has been widely studied and characterized
14, 
16
, and its dependence on nanoparticle physical dimensions is currently well understood. ε of 
nanospheres can be explicitly described as a function of nanosphere diameter, and thus can be 
calculated based on particle geometry. For NRs, both their SPR position and ε can be written as a 
function of their volume and aspect ratio. Agreement between experimental and computational 
models is generally very good. One model that has been widely used is the discrete dipole 
approximation (DDA), which relies on approximating a NP volume as an array of point dipoles, 
and calculates the interaction of electromagnetic radiation with the dipoles. This allows 
prediction of the extinction, absorption and scattering of light by metallic NPs of arbitrary 
shapes. In particular, the Fortran code DDSCAT has gained increasing interest as a reliable tool 
for modeling the optical properties of gold NPs. However, differences between computational 
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4 
and experimental observations arise due to the variability in NP dimensions and shapes in 
solution, as well as interactions between NPs, which might not be accounted for in the 
computational model. 
1, 14, 16, 17
  
Here we present results quantifying ε as a function of size and shape for gold NStars, 
comparing experimental and computational measurements. First, we synthesize NStars of 
different sizes and shapes, which result in different SPRs. We experimentally quantify the ε of 
the different NStars and compare their values to those obtained by simulations by DDA. We 
observe that ε correlates with the NStar volume and SPR position, and similar trends are 
observed both experimentally and numerically. Finally, because of the growing interest of NStars 
for biological applications, we conjugate antibodies (Abs) and ssDNA aptamers onto the NStars, 
and use the experimentally measured ε values to quantify Ab and DNA surface coverage and 
footprint on the NStar surface. We observe that DNA surface coverage and footprint results 
agree with the measurements obtained for other well-established NPs, such as NRs and 
nanospheres. Ab coverage is lower in comparison, which could be attributed to a shape effect. 
This simple method for determining nanostar concentration has the potential to facilitate the use 
of Au NStars in biological and chemical applications. 
 
EXPERIMENTAL METHODS 
Reagents: Au chloride trihydrate was purchased from Sigma-Aldrich (CAS: 16961-25-4). 
Bis(sulphatophenyl)phenyl-phosphine dehydrate (BPS), was purchased from Aldrich 
(CAS:308103-66-4). N-(2-Hydroxyethyl)piperazine-N’-(2-ethanesulphonic acid) (HEPES) was 
purchased from United States Biochemical Company (CAT: 16926), sodium periodate (CAS: 
7790-28-5) was purchased from Sigma, dithiolalkanearomatic PEG6-NHNH2 (CAS: 963115-54-
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7) was purchased from Sensopath Technologies. Tris(2-carboxyethyl)phosphine hydrochloride 
(TCEP) was purchased from Sigma. Gold standard for ICP was purchased from Fluka (38168-
100 ml). Fluorescent Goat anti-Mouse IgG (H+L) Secondary Antibody, DyLight 650 conjugate 
was purchased from Pierce. Fluorescent ssDNA thrombin binding aptamer (TBA) with the 
sequence 5’/5ThioMC6-D/-(T15)-GGTTGGTGTGGTTGG-/36TAMSp/ 3’ was purchased from 
IDT Technologies.  
Synthesis of Au NStars: Au NStars with different extinction spectra were synthesized by tuning 
the Au/HEPES ratio in solution
1,3
. We tuned the concentration of HEPES from 28-140 mM, 
while keeping the Au concentration in solution constant. We mixed 200, 350, 500, 750 or 1000 
µl of 140 mM HEPES with 800, 650, 500, 250 or 0 µl of 18 MΩ deionized water, followed by 
the addition of 16 µl of 25 mM HAuCl4⋅ 3H2O and further vortexing for the synthesis of 
NStar200, NStar350, NStar500, NStar750 and NStar1000, respectively. After vortexing, 
solutions sat undisturbed for 1 h, during which the NStars crystallized. Afterwards, ~ 0.5mg BPS 
was added for NStar stabilization, and the solution was vortexed and left undisturbed for 1 h. 
After this time, the NStars were ready to use in experiments. The NStars were separated from 
excess reagents by centrifugation at 10000 rcf for 15 min. The resulting NStar pellet was 
resuspended in 1 ml of 18 MΩ water.   
Characterization of the NStars: Optical characterization of the NStars was performed with a 
Cary 100 UV Vis from Agilent Technologies. Morphology of the NStars was characterized with 
a FEI Tecnai G2 TEM at 120 kV, equipped with a single-tilt support that was used to tilt the 
samples ± 30º in order to observe their three-dimensional structure. ImageJ was used to process 
the images and measure the dimensions of the NStars.  
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Au ion concentrations were measured with the Activa-S ICP-AES from Horiba Jobin Yvon. 2 
ml of the NStars were separated from unreacted gold in the solution by centrifugation at 10000 
rcf, and resuspended in 1 ml of 18 MΩ deionized water. 150 µl of the purified Au nanoparticles 
were dissolved in 0.5 ml of aqua regia overnight, after which time they were diluted to 5 ml to 
produce a final concentration of 2% nitric acid. Au standards of 0, 2, 5, 10, and 20 ppm were 
prepared by diluting the 1 mg/ml Au standard from Fluka with 2 % nitric acid.  
Ferguson Analysis and light scattering were used to calculate the hydrodynamic diameter and 
zeta potential (ζ) of gold NStars which has been previously described by others
18
. For the 
Ferguson analysis, gels of 0.5, 1, 1.5, 2 and 4 % agarose were run at 12 Vcm
-1
, and the mobility 
of the nanoparticles was measured with ImageJ. NPs were loaded by mixing 8 µl of concentrated 
NStars with 4 µl of 50 % glycerol in 18 MΩ water. Spherical gold NPs synthesized by citrate 
reduction were used as standards to calculate the hydrodynamic diameter of the gold NStars and 
their ζ. In addition, a Zetasizer Nano ZS from Malvern Instruments was used to measure the 
hydrodynamic diameter (DH) and the ζ of the Au NStars.  
Theoretical Methods: DDA method with the DDSCAT package,
19
 freely available in 
NanoHub.org- by Draine and Flatau was used to simulate the NStar optical response. In short, 
TEM images of NStars were analyzed with ImageJ to obtain average dimensions of every NP 
synthesis. These values were used to create 3D models of the NStars in AutoCAD (Autodesk), 
and area and volume of the particles were calculated. The 3D models were meshed using Blender 
and exported as .obj files (Scheme in Supporting Information, Figure SI-1). After, DDSCAT 
Convert, from Draine and Flatau was used to convert the .obj file into a collection of dipoles, 
which were used as input by DDSCAT to simulate the optical properties of the NStars. The 
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7 
medium surrounding the NStars was considered to be water with a refractive index of 1.33. Au 
dielectric values were obtained from Johnson and Christy
20
. 
Bioconjugation of the NStars: Abs were covalently bound to Au NStars by directional 
conjugation
21
. In short, monoclonal Abs were attached to a heterobifunctional linker 
(dithiolalkanearomatic PEG6-NHNH27) consisting of a polyethylene chain with a hydrazide 
termination in one end and a dithiol in the other end. First, the hydroxyl moieties of the Fc region 
of the Abs were oxidized by mixing 50 µl of monoclonal Ab at 1 mg/ml in 40 mM HEPES, pH 
7.4 with 5 µl of 10 mM NaIO4 (Sigma). The solution was covered in foil and agitated for 45 min 
at room temperature. Then, 2 µl of a solution of 33 µg/ml heterobifunctional linker in ethanol 
and 250 µl of 1x PBS were added in the solution, and agitated for 30 min to allow binding of the 
linker to the Abs. Abs were concentrated using a 10 kDa centrifuge filter and diluted in 1X PBS 
to a final concentration of 1 mg/ml. To conjugate Abs to the NStars, 5 µl of the functionalized 
Abs were mixed with 1 ml of 2 nM NStars in 40 mM HEPES, at pH 7.4. The solution was 
continuously mixed for 30 min at room temperature during which time the Abs were able to bind 
to the nanoparticles. To remove unreacted Abs, the NStars were centrifuged for 10 min at 10000 
rcf. Fluorescence spectroscopy was used to quantify the concentration of unbound Abs in the 
supernatant, which allowed calculation of the concentration of Ab bound to the NStars. 
Single-stranded DNA (ssDNA) aptamers were covalently bound to the Au NStars by Au -thiol 
covalent conjugation. In short, dithiol bonds in the terminal 5’ dithiol modifier of the ssDNA 
were reduced by mixing 5 µl of 100 mM TCEP at 4 ºC with 5 µl of 100 µM ssDNA. The solution 
sat undisturbed for 1h. In the meantime, a 20 µl pellet of NStars was prepared by centrifuging 1 
ml of as prepared BPS-NStars at 10000 rcf for 15 min. The 20 µl NStar pellet was resuspended 
in 100 µl of 0.5x TBE and 4 µl of reduced ssDNA, vortexed and then concentrated by water 
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8 
evaporation in a Savant SpeedVac at room temperature for 4 h, when 20-30 µl of solution were 
remaining in the tubes. After concentration, samples were sonicated at room temperature in a 
water bath and left undisturbed overnight. To separate bound and unbound DNA, 5 µl of the 
NStar pellets were diluted in 195 µl of water and centrifuged at 14000 rcf for 30 min. The 
supernatant, which contained the unbound DNA, was collected and fluorescence spectroscopy 
was used to quantify the bound ssDNA on the Au NStars.  
 
RESULTS AND DISCUSSION  
Synthesis and characterization of NStars  
Au salts can be reduced in certain Good’s buffers to form NStars. HEPES, in particular, is able 
to act as both a Au reducing agent and growth directing agent. HEPES reduces the Au
3+
 ions into 
Au
0
 
22
, leading to the formation of gold NStars. The piperazine moiety of HEPES is thought to 
be responsible for the anisotropic growth of NStars
1
. We modified the HEPES reduction 
approach to tune the SPR across a broad wavelength range by varying the Au/HEPES ratio, a 
strategy that has been utilized in other NStar syntheses.
3
 Tuning the Au/HEPES ratio changes the 
shape of the produced NStars, and thus results in NStars with different extinction spectra (see 
Methods for individual NStar synthesis procedures). This produced suspensions with colors that 
ranged from magenta to blue to green (Fig. 1a). Hydrodynamic diameter, DH (Fig. 1b) and zeta 
potential (ζ) (Figure 1c, and Supporting Information Figure SI-2) of the NStars were measured 
by both dynamic light scattering (DLS, distribution in Supporting Information, Figure SI-3) and 
Ferguson analysis, and indicated similar characteristics between different preparations of the 
nanoparticles. Gel electrophoresis of the synthesized NStars showed that the NPs did not 
aggregate or smear when running in the gels (Figure 1d) indicating that BPS-coated NPs were 
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9 
negatively charged and not aggregated. The different NStars had similar DH values as measured 
by Ferguson analysis. 
TEM imaging (Figure 1 e-i and Supporting Information Figure SI-4), was used to measure the 
size of the NStars. Increasing the HEPES/Au ratio on the geometry of the particles resulted in 
NStars with increasing arm lengths, while the core diameter remained mostly uniform 
(Supporting Information, Figure SI-5). Eccentricity, defined as the distance from the middle of 
the longest axis to the intersection of the two longest axes of the NStar, increased with increasing 
HEPES concentrations (Supporting Information, Figure SI-5).  
Quantifying the extinction coefficient, ε 
In order to quantify ε of the NStars, the extinction spectrum of each synthesis was first 
measured (Figure 2a). The SPR maximum redshifted with increasing HEPES concentration 
(Figure 2b). To quantify the amount of Au for a given NStar solution, the NStars were separated 
from unreacted Au and then dissolved in aqua regia. The concentration of Au ions, quantified by 
ICP-AES, ranged from 127-149 mg/l. Based on an original concentration of Au
3+
 of 158 mg/ml, 
80-95% of the Au
3+
 ions were reduced in NStar formation. Therefore, the synthesis reaction 
yield is intermediate between NRs
16
 (15%, in a seed-mediated synthesis approach) and spherical 
Au NPs ( >95%, by citrate boiling)
16
. 
 
TEM images of NStars were used to calculate the volume of an individual NStar. An average 
of 6 arms in each NStar was determined by tilting the TEM stage ±30º. ImageJ was used to draw 
boundaries around the NStars to obtain the diameter of the maximum inscribed circle (cyan line 
and circle, Figure 2c); and the longest, middle and shortest arm lengths (red, green and blue 
lines, respectively, Figure 2c). Because TEM images show 2D projections of the NStars, which 
could adopt a variety of configurations on the TEM grid, the volume of the NStars was measured 
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10 
if they were positioned in different configurations, obtaining a maximum difference in volume of 
5% with different configurations. Therefore, NStars were modeled using the measured arm 
distances as the maximum lengths of the NStar arms, and the diameter of the maximum inscribed 
circle as the internal diameter of the NStars (Figure 2d). For each synthesis, at least 100 NStars 
were measured for statistical significance. The measured NStar dimensions were used to draw 
the 3D models of the NStars in AutoCAD (Figure 2d); AutoCAD’s functions _MASSPROP and 
AREA were used to calculate the volume and area of individual NStars (Table 1).  
Consequently, knowing the volume of individual NStars, the extinction spectrum of each 
NStar solution, and the total Au ion concentration in each solution, it was possible to determine 
εexpt for each NStar sample (Table 1). εexpt values at the SPR maximum ranged from 5.7 x 10
8
 to 
26.8 x 10
8
 M
-1
 cm
-1
. These values were on the same order of magnitude as measured values for 
NRs and NPs of similar volumes
16
.  
Simulating the extinction spectra by the discrete dipole approximation (DDA) 
To gain further insight into the nature of the NStar ε, the extinction cross section of the NStars 
was simulated using the discrete dipole approximation (DDA) with the freely-available 
DDSCAT package. DDA approximates target particles of arbitrary geometries and complex 
refractive indexes, as an array of polarizable points located in a cubic lattice. We divided each 
NStar volume into at least 20000 dipoles, as suggested by other reports
23
. We averaged the 
extinction cross section between light interacting with the particle at the three major 
perpendicular axes by rotating the nanoparticle with respect to the incident light. This allowed 
calculation of the extinction (Qext), absorption (Qabs) and scattering (Qscat) cross-sections 
(Supporting information SI-6). We used Qext obtained from the simulations to calculate 
theoretical extinction coefficients (in units of M
-1
 cm
-1
) of the NStars (εtheory) using the formula
17
: 
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 = CN ln10 = N 10 ln10  9 16 
    Q 
 
 
where Qext is the maximum extinction cross-section of the NStars, V is the NStar volume and 
NA is Avogadro’s number. εtheory values at the SPR maximum ranged from 7.8 x 10
8
 to 35.3 x 10
8
 
M
-1
 cm
-1
 (Table 1). 
The simulated extinction cross-sections spectra of the NStars (Figure 3) showed that SPR red-
shifted with increasing arm length, analogous to the experimental results. Simulated spectra had 
narrower extinction full-width at half maximum (FWHM) compared to the experimentally 
measured spectra (Supporting Information, Figure SI-7), which has also been observed for 
nanospheres, NRs
17, 24, 25
, and other metallic NPs
26
, and can be explained by the fact that 
DDSCAT approximates an ideal and monodisperse particle shape that does not interact with 
other NPs in solution. Moreover, simulation results showed a SPR maximum red-shifted 
compared to the experimental values. This difference could be due to polydispersity of the NStar 
samples (Supporting Information Figure SI-8, cluster analysis and simulations of nanostars), 
where NStars with different eccentricities can be obtained during the synthesis, interactions 
leading to aggregation, slight truncations of the NStar edges
25
, or a difference in the refractive 
index of the medium around the particles because of the capping BPS
27
.  
εtheory exhibited a linear dependence on the SPR maximum (open squares, Figure 4a), as was 
observed for εexpt. Moreover, we observed a linear dependence of εtheory on V
2/3 
(open squares, 
Figure 4b), which has been previously reported for NRs
28
. We observed that values for εtheory 
tend to be lower than εexpt, which has also been observed for NRs
29
. Also, we could observe that 
the SPR maximum was linearly dependent on the V
2/3 
of the NStars (Figure 4c). Figure 4 shows 
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12 
that the SPR maximum can be used to approximate the NStar εexpt if the NStar dimensions or the 
plasmon absorbance data are available, and thus can be used to determine the NStar 
concentration in solution. The SPR maximum peak showed a linear correlation with the 
maximum arm length to core diameter (Supporting information, SI-9)
29
. 
NStar bioconjugation to DNA and proteins 
Because NStars are attractive for biological applications, we covalently conjugated them to 
ssDNA aptamers
30
 and also antibodies that recognize mouse immunoglobulin G. We used the 
εexpt values obtained above to quantify the Ab and DNA coverage on the NStars. Both the 
antibodies and aptamers conjugated to the NStars were fluorescently tagged to enable 
quantification of their loading (See Methods). ssDNA thrombin binding aptamer (TBA) was 
conjugated to the NStars via covalent conjugation to a 5’ thiol. TBA loadings on the NStar200, 
NStar350, NStar500 and NStar750 were 8.8 ± 0.4 x10
12
, 11.6 ± 0.5 x10
12
, 7.7 ± 0.3 x10
12 
and 1.9 
± 0.1 x10
12
 DNA molecules⋅cm
-2
, respectively calculated from supernatant-loss measurements of 
unbound DNA. Loadings are similar in order of magnitude to published values observed for 
TBA on NRs
31
 (a loading of 5.6x10
12
-12.3x10
12
 for NRs with 1256 nm
2
 area), and spherical NPs 
of similar surface areas
32
 (loadings of 17 x10
12
 for NPs with 1766 nm
2
 area). Extinction spectra 
of NStar-DNA conjugates were slightly red-shifted relative to unconjugated NStars, but not 
significantly broadened, showing that they were stable in solution (Figure 5a-d), similar to NRs 
and nanospheres.
33
 
34
 Ferguson analysis of gel electrophoresis showed that NStar DH increased 
~7 nm upon DNA conjugation (Figure 5e). This increase in DH correlates with the secondary 
structure of the TBA, which is a folded 15mer with a 15mer spacer
35
, suggesting that Ferguson 
analysis is accurate in quantifying NStar size after bioconjugation. However, DLS measurements 
showed a larger increase in DH of 30-90 nm upon DNA conjugation (Figure 5h-k), which 
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13 
suggests aggregation of the NStar-DNA in solution as opposed to in an electric field. This 
difference in DH is somewhat expected given the different experimental conditions used to 
measure DH for gel electrophoresis vs. DLS. Ferguson analysis showed a decrease in NStar ζ 
(Figure 5f) due to the negative charge of DNA. Conjugated gold NStars were retarded in gel 
electrophoresis relative to free NStars (Figure 5g), revealing that the bound DNA affected both 
NStar size and charge. 
We also explored bioconjugation of NStars to fluorescently labeled antibodies (IgG) via 
covalent attachment (see Methods). IgG loading on the NStars were 3.0±0.6, 5.7±1.2, 31.3±1.5 
and 3.3 ± 0.1 IgG molecules per NStar for NStar200, NStar350, NStar500 and NStar750 
respectively, measured from supernatant-loss of unbound antibodies. Ab loadings were 
calculated assuming a 67.5 nm
2
 top view footprint of an IgG antibody and were 3-10x lower than 
described for nanospheres.
36
 The lower loading of Abs could be due to the irregular surfaces of 
the NStars, where curvature effects could potentially be undesirable for conjugation to the 
relatively large Abs
37
. Extinction spectra were not significantly broadened after bioconjugation, 
suggesting that NStars were stable in solution after Ab conjugation (Figure 5a-d). Ferguson 
analysis showed an increase in DH of 7 nm upon conjugation (Figure 5e), which correlates well 
with the sizes and loadings of Abs on the NStars
38
. However, DLS showed a larger increase in 
average DH (52 nm) (Figure 5h-k), which could be due to aggregation. Ferguson analysis showed 
that ζ of the NStars decreased upon antibody binding due to the negative charge of the Abs 
(Figure 5f). These results show that the NStars can be conjugated to DNA and proteins and that 
the εexpt can be used to quantify biomolecule footprint on the NStar surfaces. 
CONCLUSION 
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Au NStars are promising for a broad range of biological applications due to their strong and 
highly tunable extinction in the visible. One of the challenges in characterizing NStars is that 
their asymmetry and irregular shape complicate volume estimation, thereby presenting 
challenges for determining concentration. The molar extinction coefficient, εexpt, of NStars can 
be used to measure their concentration, and it is a critical parameter when using NStars in 
biological applications. We have quantified the molar extinction coefficient εexpt for NStars of 
different geometries and sizes, by correlating their extinction with the concentration of Au 
particles, which was measured by analyzing TEM images of the NStars, and counting Au ions by 
ICP-OES. The results correlate with DDSCAT computational models of the NStars. We use the 
experimental values of εexpt to quantify NStar concentration, and to quantify biomolecule 
coverage measurements on NStar-Ab and NStar-DNA conjugates. DNA aptamers and antibodies 
were conjugated successfully to the Au nanostars. Nanostar curvature effects do not appear to 
hinder DNA conjugation to the NStars, but do seem to hinder conjugation to the relatively larger 
antibodies. Future work includes modification of NStar surface chemistry to increase the 
efficiency of antibody conjugation to NStars.  
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FIGURES 
 
Figure 1. Gold NStars made with HEPES.  a) Vials of NStars made with increasing HEPES (left 
to right), b) DLS, and c) zeta potential, d) agarose gel electrophoresis of NStars synthesized with 
increasing HEPES. Left to right: (1) NStar200, (2) NStar350, (3) NStar400, (4) NStar500, (5) 
NStar600, (6) NStar750, (7) NStar900, (8) NStar1000), e-i) TEM images of (e) NStar200, (f) 
NStar350, (g) NStar500, (h) NStar750, (i) NStar1000. 
 
 
 
Page 15 of 33
ACS Paragon Plus Environment
The Journal of Physical Chemistry
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
16 
 
Figure 2. a) UV-vis extinction spectra of NStars synthesized with increasing HEPES 
concentration, b) SPR maximum wavelength as a function of the HEPES reaction concentration 
in the reaction, c) TEM images of individual NStars and schematic of how the geometric 
parameters of maximum arm length (red line), medium arm length (green dashed line), short arm 
length (blue dashed line), and internal diameter (cyan dashed line and circle) are extracted from 
the images, d) example of geometric model of a 6-arm NStar. 
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Figure 3. Simulated extinction spectra for NStars of different geometries measured by TEM 
imaging. 
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Figure 4. εtheory (blue open squares) and εexpt (black filled squares) as a function of a) SPR max 
and b) NStar volume V
2/3
. c) SPR maximum as a function of volume, V
2/3
. Linear dependence of 
the SPR with εtheory has been observed.   
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Figure 5. NStar bioconjugation to DNA and antibodies. Extinction spectra of a) NStar200, b) 
NStar350, c) NStar500, d) NStar750 conjugated to TBA DNA (red) and antibodies (blue) 
compared to bare NStars (black dotted). Measurements of the e) Hydrodynamic diameter (DH) 
and f) zeta potential by Ferguson analysis, before and after conjugation with antibodies (blue) 
and TBA DNA (red) g) gel electrophoresis in 0.5 % agarose gels in 0.5X TBE buffer. Lanes: 1) 
NStar200, 2) NStar200-DNA, 3) NStar200-Ab, 4) NStar350, 5) NStar350-DNA, 6) NStar350-
Ab, 7) NStar500, 8) NStar500-DNA, 9) NStar500-Ab, 10) NStar750, 11) NStar750-DNA, 12) 
NStar750-Ab. DLS spectra of h) NStar200, i) NStar350, j) NStar500, and k) NStar750, before 
conjugation (black dashed line), and after conjugation with TBA (red) and antibodies (blue). 
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TABLES 
Synthesis 
Geometric factors Optical properties 
TEM size (nm) 
AutoCAD 
reconstruction 
Experimental Simulation results 
Max 
Length 
Diam. 
circle 
Area 
(nm
2
) 
Volume 
(nm
3
) 
SPR max 
(nm) 
ε          
(M
-1
cm
-1
) 
SPR max 
(nm) 
ε          
(M
-1
cm
-1
) 
NStar 200 21±4 15±3 1.0x10
3
 3.0x10
3
 543 5.7x10
8
 538 7.8x10
8
 
NStar 300 24±5 15±3 1.2x10
3
 3.5x10
3
 568 5.8x10
8
 538 9.1x10
8
 
NStar 350 26±6 12±3 1.1x10
3
 2.9x10
3
 594 4.9x10
8
 590 8.1x10
8
 
NStar 400 26±5 13±3 1.2x10
3
 3.4x10
3
 616 6.6x10
8
 590 9.2x10
8
 
NStar 500 31±7 12±4 1.5x10
3
 4.1x10
3
 651 8.1x10
8
 641 14.3x10
8
 
NStar 600 30±9 11±3 1.2x10
3
 2.9x10
3
 668 6.4x10
8
 659 16.4x10
8
 
NStar 750 41±11 16±6 2.4x10
3
 8.4x10
3
 711 20.1x10
8
 659 21.6x10
8
 
NStar 900 46±12 16±3 2.6x10
3
 9.0x10
3
 745 24.4x10
8
 693 26.7x10
8
 
NStar 1000 55±16 16±5 3.2x10
3
 11.6x10
3
 773 26.8x10
8
 745 35.3x10
8
 
 
Table 1. Molar extinction coefficient values (ε) obtained by experiments and theory, geometric 
model parameters, and surface areas. 
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